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ABSTRACT
The preparation techniques and properties of phosphorus oxynitride
glasses produced from sodium metaphosphate and nitride compounds are
reported.

A preliminary survey of possible nitride additives to sodium

metaphosphate is presented along with an extended study of the two most
promising nitrides, AIN and M g ^ .

Properties reported include:

nitrogen content, dissolution rate in water, thermal expansion co
efficient, softening point, glass transformation temperature, density,
refractive index, microhardness, and infrared absorption.
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I.

INTRODUCTION

High expansion glasses for sealing to high thermal expansion
metals such as aluminum are highly desired.

Most commercial glasses

have a thermal expansion coefficient lower than that for al uminum,
250 x 10"7°C“1 J

Phosphate glasses are attractive because of their

high thermal expansion, but they typically lack the necessary chemical
durability.

Incorporating nitrogen into silicate glasses has been

shown to produce mechanically strong and chemically durable glasses.

2”-6

Recent work7 has shown that nitrogen incorporated into phosphate
glasses not only improves the chemical durability but the desirable
thermal expansion properties are retained also.
To investigate the incorporation of nitrogen using nitride
compounds, sodium metaphosphate (NaPO^) glass was chosen as a model
system.

Sodium metaphosphate was chosen because of its: (1) availo in
ability, (2) data in the literature,
and (3) it contains no
additives which would affect the properties of interest.

A feasibility

study for using nitride compounds was conducted by making various
nitride additions to sodium metaphosphate glass and characterizing
the resulting compositions.
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II.
A.

EXPERIMENTAL PROCEDURE

Trial Melts, Survey of Nitride Compounds
A preliminary study was conducted to determine the feasibility of

using the various commercially available nitride compounds for preparing
phosphorus oxynitride glasses.

The base glass was intended to be pure

4.

NaPOg, but the chemical used

was composed of sodium metaphosphate

(NaPOg) and a small amount of sodium tripolyphosphate (NagPgO-|g).
overal 1 composition corresponded to (NaP0g)-|gNa20.

Its

This material was

used for the prelimi nary trial melts since it required no preparation
and its composition was close to that for NaPOg.
The crucible material was selected by making trial melts in various
containers and inspecting them for corrosion.

Sodium metaphosphate by

itself is fairly corrosive, but with the addition of a nitride compound
it becomes extremely corrosive.

Oxide materials were rejected,

especially Al^Og since a small amount of AlgOg dissolved in the glass
could affect the properties.

Graphite was found to be suitable.

A

multihole container was machined from a circular graphite rod allowing
5 three gram compositions to be melted simultaneously under identical
conditions in a nitrogen atmosphere.

Melts were processed in a

electrically heated, closed-end, tube furnace with a ceramic plug.
The nitrogen flow, 0,113-169 1/h, in the tube was sufficiently high to
maintain a nitrogen-rich atmosphere at the crucible's position.

After

melting, the crucible was removed from the furnace, cooled to below
red heat in air, placed in an annealing furnace at o,300°C, and allowed
to cool in air to room temperature.

+Fisher Scientific Purified Grade, S-333.
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The nitride compounds studied were aluminum nitride (AIN), boron
nitride (BN), calcium nitride ( C a ^ ) , lithium nitride (Li^N), magnesiurn
nitride ( M g ^ ) , niobium nitride (NbN), silicon nitride (Si^N^), and
titanium nitride (TiN). These compounds were selected on the basis
of their availability, safety (explosive and poisonous compounds were
avoided), and previous use. ’

Melting times and temperatures were

varied to obtain optimum processing conditions for each compositional
series.

The amount of each nitride was increased until its solubility

1imit was reached and glasses were no longer produced.

The glasses

were rated according to their chemical durability in water at room
temperature.

Pieces weighing ^1 g were fractured from the ^3 g sample

melted in the multi hole crucible and placed in 60 to 80 ml of deionized
water at ^22°C.

The dissolution and reaction of the sample was observed

visually for several days.
B.

Preparation of Glasses Doped with AIN and M g ^
From the preliminary survey, aluminum nitride and magnesium nitride

were chosen for further study.

The sodium metaphosphate base glass was

prepared by heating NaHgPO^’HgO^ in a platinum crucible at 750°C for 1
h.

The melt was then cast on steel plates, cooled, and crushed with a

steel pestle to approximately 6 mm and fines.

Four 25 g batches were

prepared by mixing 1 and 3 wt% AIN, and 4 and 6 wt% M g ^ j with the
crushed NaPOg base glass.

Three compositions were melted at a time,

a blank and two samples with nitride additions.

The batches were melted

in a graphite crucible+i inside a ceramic tube sealed with an aluminum

^Fisher Scientific sodiurn phosphate monobasic, dihydrate, S-381.
++Ultra Carbon YU-40, Ultra Carbon Corp., Bay City, MI.
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flange lid.

Nitrogen passed through the tube at a rate of ^30 1/h.

Different thermal treatments were used for the AIN and M g ^

glasses.

Magnesium nitride compositions were placed in the furnace at ^600°C
and heated to 800°C (soak temp.) in 1 to 2 h.

Aluminum nitride

compositions were placed in the furnace at ^800°C and heated to 900°C
in <1 h.

After being at the soak temperature for 5 to 6 h, the melt

was removed and cast into steel molds.

The cast bars were annealed

in a furnace at ^320°C in air and cooled to room temperature.
The aluminum and magnesium nitride compositions were remelted to
produce a visibly homogeneous glass.

Specimens cast from the initial

melt had a thin outer layer of transparent brown glass and an interior
of opaque, porous, gray glass containing swirls of the dark brown
glass.

After remelting, the specimens were a uniform dark brown,

transparent glass.

The samples used in this study, see Table I,

included both original and remelted glasses in order to determine if
their properties differed.

The bars to be remelted were crushed,

6 mm and fines, returned to the crucible and remelted in the furnace
for 1 to 1 1/2 h at 800°C.

These melts were then cast into bars and

annealed as described previously.

C.

Property Measurements
The nitrogen analysis was performed by inert gas fusion.

f

The

durability was assessed by measuring the dissolution rate of the glass
in deionized water and by qual itative comparison of the appearance of
specimens in saturated air.

For the dissolution rate measurements,

+0remet, Oregon Metal 1urgical Corp., Albany, OR.
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rectangular samples ^13 mm x 13 mm x 5 mm weighing ^2 g were prepared,
cleaned with acetone, and placed in 100 ml of deionized water at 30°C,
whose initial pH was between 4.5 and 5.0.
30, 55, and 72 h.

The samples were weighed at

Similar specimens were placed vertically on a plate

above the water level in a sealed dessicator at room temperature, ^22°C.
A thermal dilatometer+ was used to determine the thermal expansion
coefficient and dilatometric softening point.

Samples %13 mm x 13 mm x

50.8 mm were measured in air when heated at 5°C/min.

The average

thermal expansion coefficient between 25 and 200°C was calculated.
The crystallization, melting points, and transformation temperatures
were determined by differential thermal analyses (OTA).

Two hundred

milligrams of pulverized sample were placed in an alumina crucible and
heated at 10°C/min in a nitrogen atmosphere (flow rate of ^10 1/h).
The density was determined by the Archimede's technique.
a,13 mm x 13 mm x 25.4 mm were suspended in kerosene.

Specimens

The refractive

o

index of each glass was measured at 589 nm (5890A) by the Becke Line
technique using calibrated refractive index 1iquids.

4* 4- 4*

4- 4* 4 * 4 *

A microhardness tester
Number (VHN).

was used to measure the Vickers Hardness

One 13 mm x 13 mm face of a specimen, o,4 mm thick, was

ground to a 600 mesh finish with SiC paper using mineral oil as a
1ubricant.

Before use, the samples were stored in a vacuum dessicator.

The polished face was indented 5 to 10 times in air with a Vicker

4*

#

Orton Dilatometer, The Edward Orton Jr. Ceramic Foundation,
Westerville, OH.

4- 4*

Mettler Thermoanalyzer No. 44, Mettler Instruments Corp., Princeton,
NJ.

+++R. P. Cargille Laboratories, Inc., Cedar Grove, NJ.
^ ' M i n i load Hardness Tester, Leitz Ltd., Midland, Ontario, Canada.
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diamond indenter.

Indentations were made by applying for 15 s loads

from 25 to 100 g depending on the sample.
indentations ranged from 12 to 29 ym.
and averaged.

The diagonals of the

Both diagonals were measured

Penetration into the specimen is approximately one-

seventh of the diagonal length.

The VHN was calculated from

VHN = (1854.4 x P)/d2
where P is the load in grams and d is the average diagonal length in
micrometers.
The infrared transmission was measured^ using potassium bromide
(0.3 g) pellets containing 6 mg of pulverized glass and pressed in a
vacuum die at ^138 MPa (20,000 psi).

The spectrum was measured from

4000 to 400 cm (2.5 to 25 ym).
X-ray diffraction powder patterns using CuKa radiation

ff

were

obtained for glass specimens devitrified between 400 and 600°C for
72 h.

The powder sample was sprinkled onto a glass siide covered with

a thin coating of petroleum jelly.

tModel 599 Spectrophotometer, The Perkin-Elmer Corp., Norwalk, CT.
"^General Electric Company, XR-5 Diffractometer, Schenectady, NY.
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III.
A.

RESULTS

Trial Melts
During the preliminary work, the nitrides were divided into groups

based on their behavior.

AIN and TiN were similar in that both required

the higher processing temperature of 900°C for thorough dissolution and
had solubility limits under existing conditions of ^5 wt%.

Both nitrides

are also rather stable in that they do not react readily with water or
dry oxygen at ambient temperatures.

Mg3N2 , Ca3N? , and Li3N could be

used at lower processing temperatures, 800°C, and had a higher solubility
1 imit of M O wt%.
atmosphere.

All of these three nitrides react with the ambient

Mg^Np and C a ^

readily react with moisture to produce

ammonia, or will burn in dry oxygen.

Li i s

less reactive.

Other

nitrides originally considered were dropped early in the preliminary
survey for various reasons.

Si^N^ was too instable in the melt and

caused considerable frothing.

The low or nonexistent solubility of BN

eliminated it from consideration.
melt even with stirring.

BN powder merely floated on top of the

Above 1000°C, the BN eventually disappeared

into the melt, but there was considerable frothing of the melt.

NbN in

concentrations <1.5 wt% showed no improvement in durability.
Samples containing AIN and TiN were melted at 900°C because the
higher temperature improved their solubility without greatly affecting
the stability of the melt.

Compositions with AIN were dark gray in

color, and sometimes contained porous material which emitted an
unfamiliar odor on crushing.
in color.

Glasses with TiN additions were violet

At 900°C, a melting time of 5 to 6 h was found sufficient

and did not cause excessive foaming in the melt.

An alternate
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processing plan of holding the melt at 700 to 800°C for 24 h was tried
but it produced an opaque, bubbly, gray glass.

The addition of 2 wt%

AIN or TiN increased the chemical durability at least an estimated 30
times.

AIN compositions were chosen for extended study since prior

work‘d showed significant improvements in chemical durability.
A temperature of 800°C was sufficient to dissolve MggNg, Ca^Ng,
and LigN and was low enough to avoid frothing of the melt.

The

durability of glasses containing any of these three nitrides increased
when their concentration exceeded 2 to 3 wt%.

These glasses ranged in

color from clear to dark gray, which probably indicates the degree of
reduction and decomposition.

Holding the melt at 800°C for 5 to 6 h

was adequate for nitride dissolution.

An alternate schedule of 24 h

at 700°C caused melt frothing and resulted in a porous, opaque glass.
The most durable glasses were obtained with M g ^ .
Ca^s

At 5 wt% MggNg,

and LigN, the chemical durability increased at least 300, 100,

and 20 times, respectively.

B.

NaPOg Glasses Doped with AIN and M g ^
Inert gas fusion analysis confirmed that nitrogen was present

(dissolved) in the NaPOg glass doped with nitride compounds.

Table I

1ists the theoretical nitrogen content, calculated assuming that all
of the nitrogen from the nitride compound added was retained, and the
analyzed nitrogen content, whose estimated error is + 15% of the
reported value.

Note that the blank melts (no additives) processed

in the nitrogen atmosphere contain smal1 amounts (< 0.2 wt%) of
nitrogen.

The glasses doped with AIN had close to the theoretical

TABLE I
Dissolution Rate, Expansion Coefficient and Softening Point
of NaP03 Glass Doped with AIN and Mg3N2

Sample

Nitrogen Content
(wt%)
Theor.
Anal.

Dissolution Rate
30 h at 30°C
(g/cm^-min)

Thermal Exp.
a25-200°C
x 107oC-]

Dilatometric
Softening Pt.
Ts , °C

0.00

--

1.13 x 10'3

257

262

AIN Blank-R*

0.00

0.19

7.35 x 10"4

236

268

1% A1N-R

0.34

0.57

1.19 x 10"3

206

306

3% A1N-R

1.03

1.02

2.65 x 10‘5

203

332

4.98 x 10“5

191

342

—j
O
CO

Base glass,
melted in air

1.00

Base glass,
melted in air

0.00

--

1.13 x 10~3

257

262

Mg3N2 Blank-R

0.00

0.10

7.19 x 10‘4

245

272

4% Mg3N2-R

1.11

0.42

8.57 x 10"5

174

327

6% Mg3N2-RR**

1.66

0.66

1.33 x 10"5

179

362

6% Mg3N2

1.66

1.38

9.35 x 10"6

199

355

3% AIN

*Remelted
**Remelted twice

o

n

nitrogen content while glasses containing Mg3N2 appear to have lost
some nitrogen.
The dissolution rates (^0) in Table I, estimated error of + 20%,
are plotted against the analyzed nitrogen content in Figure 1.
dissolution rate of glasses containing either AIN or M g ^

The

clearly

3
2
decreases with increasing nitrogen content, from 1 x 10
g/cm -min
£
O
for the NaPG.j base glass to 9 x 10
g/cm -min for the glass with 6%
Mg3N2 . As a point of comparison, the dissolution rate for soda-1 ime_8
2
7
silica window glass under identical conditions is 5 x 10"' g/cm -min.
Mg3N2 improved the chemical durability more than AIN.

Appendix A

contains a more detailed account of the dissolution measurements and
results.
All of the compositions in Table I were exposed to water saturated
air and examined visually at 4, 24, 72, and 96 h.
compositions had become sticky to varying degrees.
glasses started to convert to viscous liquids.

Within 4 h all the
At 24 h, the blank

The AIN glasses became

sticky while white crystals formed on the surface of the Mg3N2 glasses.
Viscous liquids and white crystals continued to form until the
observations were terminated.

At 96 h, both blank samples and the 1%

AIN glass were completely converted to a viscous liquid.

Both of the

3% AIN samples were coated with a clear 1iquid, and all the Mg3N2
samples were covered with white crystals.
The thermal expansion coefficient, with an estimated error of
+ 10 x 10~^°C~\ decreased from 257 x 10 ^ to 191 x 10 ^ and to
174 x 10”/oC"] for the AIN and Mg3N2 glasses, respectively, as shown
in Table I.

In the Mg3N2 specimens, the thermal expansion coefficient
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decreased with the first additions of M g ^ ,

but then appeared to

increase with further additions (Figure 2).

The dilatometric softening

point temperature, T , (estimated precision + 10°C) increased with
increasing nitrogen content (Table I and Figure 3) for both the AIN
and Mg ^

2

glasses.

Significant changes were observed in the differential thermal
analysis (DTA) peaks, Figure 4, for NaPOg glasses doped with AIN and
Mg^Ng.

The exothermic and endothermic peaks in the NaPOg base glass,

correspond to the crystallization and melting of crystalline NaPQg,
respectively.

The glass transformation temperature,

to the inflection point in the curve, is also shown.
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corresponding
The temperatures

taken from the graph for the various compositions given in Table II
have an estimated accuracy of + 10°C.
The crystallization temperature, T , generally increased with
nitrogen content.

For the compositions AIN Blank-R, 1% A1N-R, and 4%

Mg3N2-R, two crystallization (exothermic) peaks were apparent but only
one endothermic peak was present, similar to observations reported by

J The melting point temperature, T , decreased with

Wilder et al

initial nitride additions and then stabilized at ^585°C for both the
AIN and M g ^

glasses, see Table II.

These results suggest a secondary

effect involving the cation added to the glass by the nitride compound.
It appears that small additions of AIN and Mg^N2 depress the melting
point as has been reported when smal 1 additions of MgO or A
made to NaPOg.^

l

are

The increase in transformation temperature, T , with

increasing nitrogen content would be expected for a glass with increas
ing crosslinking.

Overal1, the reduction in height and the broadening
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of the exothermic and endothermic DTA peaks indicate that nitrogen
additions improve the glass forming characteristics of NaPO^.

Thermal

gravimetric analysis (TGA), run concurrently with the DTA, showed no
weight loss below 800°C when these glasses were heated in a nitrogen
atmosphere.
The density and refractive index both increased gradually with
increasing nitrogen content (Table II). The low density of the

3% AIN

sample was due to entrapped gas bubbles.
Precise microhardness measurements were difficult to make since
microcracks appeared at the indentations, even when using the smallest
feasible load (^25 to 50 g).

While the standard deviation, s, 1isted

in Table II are larger than desired, the overall trend of the data in
Figure 6 indicate an increase in Vickers Hardness (VHN) with increasing
nitrogen content.

In the glasses containing AIN, VHN increased from

2

^125 to 155 kg/mm .

For the M g ^

glasses, the VHN increased from ^125

2

to 200 kg/mm , which compared with a VHN ranging from ^425 to 475 for
soda 1ime glasses.

Appendix B contains more information for the VHN

determinations.
The infrared (IR) absorption spectra indicated that the nitride
additions caused a change in the structure of these glasses.

In Figure

7, where the patterns have not been normalized, relative differences
between the spectra of the different glasses can be seen.

Absorption

peaks from 1600 to 600 wave numbers (cm-^) formed a "fingerprint"
spectrum which was used empirically to identify the sodium metaphosphate glass structure. ^

Table III 1 ists the IR spectra data

for sodium metaphosphate from various sources.

TABLE II
Selected Properties of NaP03 Glass Doped with AIN and Mg3N2

Transf.
Temp.
Tl g , °fc

Cryst.
Temp.
T
°r

Base glass

280

360

630

2.54

1.484

(50)

125

13.8

AIN Blank-R*

280

390t
335

630

2.54

1.484

(50)

144

7.1

1% A1N-R

290

405+
360

615

2.57

1.484

(50)

122

9.5

3% A1N-R

325

450

585

2.61

1.496

(50)

167

10.5

3% AIN

330

445

585

2.361

1.496

(25)

144

17.5

Base glass

280

360

630

2.54

1.484

(50)

125

13.8

Mg 3 ^ 2 Blank-R

280

390

630

2.57

1.484

(50)

125

1.5

4% Mg3N2-R

330

51 5+
440

585

2.61

1.496

(25)

116

10.3

6 % Mg3N2-RR**

340

510

590

2.64

1.500

(25)

172

21.1

6 % Mg3N2

340

500

580

2.65

1.500

(25)

233

11.8

Sample

*Remelted
**Remelted twice
rPorous

Mel t
Temp.
T j °C
m

Density
g/cm3

Refractive
Index

4*
J j w o peaks
_
t1(g) - load; x - average VHN; s - std. dev.

Hardness. VHN
kg/nrn3
f t (g)

X

s

TABLE III
Infrared Spectra of Vitrous and Crystalline Sodium Metaphosphate

Bartholomew
Ref. 16

Shin & Su
Ref. 17

Corbridge
& Lowe
Ref. 18

Corbridge
& Lowe
Ref. 18

Frequency
Assignments

1265 (s)

1265 (s)

1262 (vs,b)

1268 (vs,vb)

P=0 stretching

1140 (m,shr)

1144 (shr)

1150 (w)

1150 (m)

PgOy” P0^~ ionic stretching

1090 (s)

1093 (s)

1083 (s,b)

1110-1082 (s)

P-0^

ionic stretching

980 (s)

982 (s,b)

980 (m,vb)

996 (s,b)

P-0 stretching

878 (s)

885 (s,b)

863 (m)

869 (vs,b)

P-0-P stretching

770 (m)

775 (m)

770 (w,vb)

778 (w)

P-0-P bending harmonics

720 (m)

740 (shr)

700 (vw,vb)

724 (w)

P-0-P bending harmonics

698 (m)

P-O-P bending harmonics

Key:
s - strong
m - medium
w - weak
v - very

b - broad
shr - shoulder
n - narrow
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The absorption peaks in the NaPO^ base glass in Figure 7 have been
1O
labeled according to the assignments made by Corbridge and Lowe.
The
broad peak at 3400 cm”* is due to water.

The small sharp peaks between

2820 and 2980 cm”* , and a small broad peak at 1640 cm”* are associated
with other hydrogen bonds.

If thin glass fi1ms had been used, the water

content of the glass could have been determined.

In this study

potassium bromide (KBr) pellets were used because of the high inherent
absorption of these glasses.

Consequently, the intensity of the peaks

due to water could not be directly correlated with the glass water
content.

With KBr pellets, the intensity and shape of the band depends

on both the water present in the KBr and the particle size of the glass
sample.
The absorption spectra for the AIN and M g - ^ glasses changed
progressively with increasing nitrogen content.

In both glasses, an

absorption increase was observed between the P=0 stretching peak at
1270 cnf* and the stretching peaks at 1150 to 1100 cm” *.

AIN additions

flattened the spectrum between 1000 and 870 cm”* and slightly shifted
the absorption peaks in the 750 to 650 cm"* region.
Mg ^

2

The spectrum of

glasses became smoother between 1150 and 1100 cm”* , losing

definition between the peaks.

A change in the absorption peak shape

between 1070 and 870 cm” * also resulted in decreased peak definition.
One of the most significant changes was the increasing absorption at
700 cm”

which is in the region assigned to P-N bonds.

This

absorption is consistent with the incorporation of nitrogen into these
glasses.
The XRD patterns of devitrified samples are shown in Figure 8.

Al1

of the XRD peaks for the crystal 1ized base glass, Figure 8A, or blanks

17
correspond to those for sodium metaphosphate.
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In the AIN compositions,

a new phase appears as indicated by three new peaks, labeled "N" in
o

Figure 8B, with d spacings of 5.37, 4.15, and 2.91 A.
become larger with increasing AIN addition.

There are slight changes

in the peak intensities for sodium metaphosphate.
the M g ^

These new peaks

The XRD patterns for

compositions, Figure 8C-E, change more drastically.

There

was virtually no identifiable remnant of sodium metaphosphate, Figure
8A, and none of the new peaks observed in the AIN compositions were
present.
Mg^

Major differences exist in the XRD patterns for all of the

compositions including the original and remelted 6% M g ^

samples.

These patterns have not been identified with any known sodium phosphate
compound.
The

3%AIN and 6

%gM ^ samples, which were melted only o
%1N-R
A
and 6 M g ^ - R R samples to

included with the remel ted 3

remelting the glasses to improve their homogeneity would adversely
affect their properties (Tables I and II). The nitrogen content for

3%AIN samples were nearly the same a

the original and remelted
to theoretical.

No other appreciable differences in properties were

observed between the original and remelted

AIN glasses.

For the 6%

Mg^Ng samples, the sample remelted twice contained about one-half the
nitrogen of the original melt.

Whether this difference is the result

of remelting or due to differences between glass batches is not known.
The VHN was the only significant difference between the original and
remelted 6
nitrogen content.

1Mg^N^ glasses, being higher for the sample of higher
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IV.

DISCUSSION

The change in properties for the NaPO^ glass made with AIN and
Mg3N2 is attributed primarily to the incorporation of nitrogen into the
phosphate glass network, with the cations causing secondary effects
in the properties.

The decrease in dissolution rate, increase in

transformation and dilatometric softening point temperature, and
increase in VHN is consistent with a stronger and more highly cross1 inked glass network.
The nitrogen found by chemical analysis, along with the evidence
for P-N bonds in the IR spectra of these glasses, is evidence
that at least some portion of the nitrogen from the AIN and M g ^
structurally incorporated in the glass network.

is

Furthermore the changes

in physical properties for phosphorus oxynitride glasses with increasing
nitrogen content are similar to those for silicate oxynitride glasses.

2-5

Sodium phosphate glasses have been studied extensively and shown
to have a polymeric structure.

11

"

IQ

“91

*

~

QC\

The NaPO^ base glass whose

Na20/P205 ratio is unity, is composed theoretically of infinitely long
PO^ chains cross!inked by Na

ions, see Figure 9A.

Studies

on NaPO^

glass have found that the actual average chain length is much less than
infinity since the OH- ions from water dissolved in the glass terminate
the PO^ chains as shown in Figure 9B.
The dissolution in water of phosphate glasses containing 1 inear
chains has been shown by Van Wazer and others
disentanglement.

24 27
, .
’
to occur by chain

Rather than hydrolysis of the P-O-P bonds within the

chain, the ionic cross!inkages between the chains are broken.

Conse

quently, the water reacts with the glass, such that entire chains are
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taken into solution.

An increase in the crosslink density by any means

would impede the disentanglement process and, thereby, decrease the
dissolution rate.
The structural role of nitrogen in increasing the crosslink
density in these glasses has not been clearly established.

However,

it has been hypothesized that nitrogen is either directly incorporated
7 28
in the network, or aids in the dehydration of the glass. *

A three

fold coordinated nitrogen incorporated into the glass network by
replacing a two-fold coordinated oxygen would increase the crosslink
density by forming phosphorus oxynitrides as shown in Figure 9C.

In

this mode, a crosslink would be formed between chains by changing a
non-briding -P=0 group to a briding -P=N- group or by replacing the
two-fold oxygen in a P-O-P group by a three-fold nitrogen and creating
a branch point.

Similarly, crosslinking branch points could be created

by eliminating the chain terminating OH" ions as shown by the reaction
in Figure 9D where a nitrogen replaces the terminal OH".
The A1 and Mg cations in the nitride compounds could also produce
additional crosslinks in the PQ^ network.

It is interesting that the

preliminary survey of the different nitride compounds showed that the
largest improvement in chemical durability occurred with nitrides
containing divalent and trivalent cations.

A1umina additions to

phosphate glasses are known to increase the chemical durability.

29

Aluminum cations, either from a nitride or oxide compound, could behave
similarly and form AlO^ groups that would provide chain branching
points and increase the crosslinking as shown in Figure 9E.

Divalent

cations, such as Mg, could serve as ionic crosslinks between the non
bridging oxygens of two phosphate chains as shown in Figure 9F.

20

A metal chelate structure was suggested by Van Wazer
cation crosslinking between P0^ chains.

27

as a form of

Some of the scatter in the

data for glasses of equal nitrogen content may be due to a secondary
effect resulting from the contribution of these cations.
Dehydration of the glass by the addition of a nitride compound,
Figure 9G, would also improve the chemical durability by forming longer
phosphate chains which are more difficult to dissolve.

If only

dehydration had occurred, the most probable reactions,'

2 AIN + 3 H20 + A1203 + 2 NH3 t
or

Mg3N2 + 3 H20 •* 3 MgO + 2 NH3 +
suggest that nitrogen would have been evolved as ammonia and no longer
present in the glass.

Since chemical analysis of these glasses showed

that nitrogen was definitely present, it is evident that more than
simple dehydration must have occurred.

21

V.

CONCLUSION

Additions of AIN and M g ^

to sodium metaphosphate glass improve

the chemical durability considerably (100 fold) without causing a major
reduction in the thermal expansion coefficient.
most effective in producing a durable glass.

Magnesium nitride was

Bulk nitrogen contents

greater than 1 wt% were confirmed by chemical analysis for both AIN and
Mg ^

2

containing specimens.

Nitride additions to NaPO^ cause an

increase in density, refractive index, T , T , chemical durability, and
9
microhardness; and a decrease in thermal expansion, T , and dissolution
rate in water.

These properties and changes in the IR spectra suggest

that nitrogen is structurally incorporated in the glass structure in
such a way as to increase the crosslinking between the P0^ chains.
in this glass system should be extended to TiN and C a ^

Work

additions.

Processing techniques that might increase nitride solubility should also
be investigated.

The results for NaPO^ glass should provide guidance

for other phosphate glass compositions.
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FIGURE CAPTIONS
Figure 1.

Dependence of the dissolution rate on nitrogen content.

Figure 2.

Dependence of the thermal expansion coefficient of nitrogen
content.

Figure 3.

Dependence of the dilatometric softening point on nitrogen
content.

Figure 4.

Differential thermal analysis showing thermal behavior
changes in glasses doped with AIN and M g ^ .

Figure 5.

Transformation temperature as a function of nitrogen content.

Figure 6.

Dependence of microhardness (VHN) on nitrogen content.

Figure 7,

Infrared absorption spectra of selected phosphorus oxynitride
glasses.

Figure 8,

X-ray diffraction patterns of devitrified sodium phosphate
oxynitride glasses.

Figure 9

A.

Linear phosphate chains crosslinked by Na+ .

B.

Chain termination by hydroxyl ion.

C.

Crosslinking of PO^ chains with nitrogen:

phosphorus

oxynitride.
D.

Elimination of terminating OH" and formation of branching
point.

E.

Crosslinking associated with AlPO^ groups.

F.

Crosslinking with a divalent cation by a metal chelate
structure.

G.

Dehydration with increased chain length.

DISSOLUTION RATE (g/cm2-min) AT

30° C
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Figure 1.

Dependence of the dissolution rate on nitrogen content.

THERM AL EXPANSION COEFFICIENT (x l0 7°C‘)
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Figure 2.

Dependence of the thermal expansion coefficient on
nitrogen content.
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Figure 3.

Dependence of the dilatometric softening point on
nitrogen content.
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ENDOTHERMIC

EXOTHERMIC

i{

T E M P E R A T U R E

Figure 4 :

(°C)

Differential thermal analysis showing thermal behavior
changes in glasses doped with AIN and M g ^ .

TRANSFORMATION TEMPERATURE (°C)

30

Figure 5.

Transformation temperature as a function of nitrogen
content.
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Figure 6.

Dependence of microhardness (VHN) on nitrogen content.
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Infrared absorption spectra of selected phosphorus
oxynitride glasses.
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Figure 8 (A-E).

X-ray diffraction patterns of devitrified sodium
phosphate oxynitride glasses.
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Figure 8 (Continued)
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Figure 9£.

Crosslinking associated with AlPO^ groups.
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Figure 9F.

Crossl inking with a divalent cation by a metal chelate
structure.
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APPENDIX A
Durability Study - Dissolution Rate
The samples were removed from their water baths and weighed at 30,
55, and 72 h as previously described.
sol id and not sticky.
being weighed.

They were dried with a hot air blower before

The original surface area was used for all dissolution

rate calculations.
time.

Upon removal, the samples were

The rate did not appear to change drastically with

The results at 30 h were reported since they were felt to be

most accurate, especially for those samples of high dissolution rate
whose surface area changed during dissol ution.
The dissol ution rates for the base glass, AIN Blank, M g ^

Blank,

and 1% A1N-R were based on their complete dissolution time, and the
samples were not re-examined.

The remaining samples were examined at

each weighing and found to have varying degrees of uneven corrosion.
The homogeneous, remelted samples,
and 5

A1N-R, 4% Mg^N^-R, 6% M g ^ - R R ,

%Mg^N^ had matte, pebbled surfaces.

Samples

3% A1N-R and 4%

Mg3N2-R had shallow grooves etched where visible swirls had been
observed indicating some inhomogeneity.
no cracks or grooves.

Sample

M g ^ - R R contained

Sample 3% AIN, which had not been remelted, had

areas of visibly different glass types (color). The sample had a
transparent, dark brown outer layer and an interior of porous, opaque,
gray glass with swirls of dark brown glass through it.

Corrosion was

very uneven with the porous gray glass dissolving more rapidly and
leaving the dark brown glass in relief.

This confirmed the visible

inhomogeneity and reinforced the use of the remelt procedure.
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APPENDIX B
Microhardness Measurements
Microhardness indentations were made with a Vicker's diamond
pyramid indenter and measured with a cross hair objective on a Leitz
Ltd. Mini load Hardness Tester.

An indentation having 25 pm diagonals

was considered ideal for viewing ease and measurement accuracy.

Even

with a green filter to enhance the clarity, some indentations remained
difficult to define and measure.

The indentations were re-examined and

photographed with another microscope which provided higher magnification
and improved contrast.

Indentations that appeared satisfactory on the

tester were often found to be defective when viewed under higher
magnification.

Table IV summarizes the observations made on the samples

and lists the prevalent characteristics of the indentations.
There are several factors which could have affected the quality of
the indentation and the resultant VHN value.

The 600 mesh finish left

an irregular, nonplanar surface relative to the indenter and contributed
to poorly shaped indentations.

Glass inhomogeneities could have biased

the hardness value for a particular sample.

Sample indentations were

grouped together for ease of location and, consequently, may not have
been representative.

Surface corrosion could also have been a factor

especially on the less durable (base glass and blank) compositions.

The

samples being hydroscopic could have formed a very thin corrosion layer
even with careful handling and storage in a vacuum dessicator.

The

existence of a corrosion layer is suggested by the observation of tip
and diagonal blunting and concave edges.

This indicates an elastic
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behavior not expected of a hard, brittle material but perhaps of a very
viscous gel.
The fracture characteristics observed for these sodium phosphate
based glasses differ from common soda-1ime-silica glasses.
siide was indented and observed.

A microscope

Silicate glass fractures were cracks

radiating from the tips of the indentation diagonals.

This type of

crack often propagated from the indentation while it was being viewed.
The phosphate glasses would only fracture with a radial type crack if
loads exceeding ^100 g were used.

The most common fracture for the

phosphate glasses was a conchoidal type chip originating from the edge
of the indentation.
With the above considerations in mind, it would be wise to avoid
comparisons of these VHN values with other reported data.

These values

only serve to indicate a relative change within the samples in this
study.

In future work, other microhardness measurement techniques that

would improve indentation quality should be explored.

TABLE IV
Microhardness Determinations

Indentation
Size
yrn

Observations

NaPO^-Base Glass

25-30

Blunt tip; concave edges; elastic behavior

AIN Blank-R
Mg3N2 Blank-R
1% A1N-R

25-30

Edge fractures; elongated indentation;
concave edge

3% A1N-R

20-25

Edge fractures; elongated indentation;
poor edge definition

3% AIN

15-20

Small indentations; elongation; concave
edges; poor definition overal1

Mo Mg3N2-R
6% Mg3N2-RR

15-20

Small, poorly shaped indentations; poor
diagonal definition; edge fractures

6% Mg3N2

13-15

Small indentations; edge fractures

Sample

